Biocontrol agents isolated outside Africa have performed inconsistently under field conditions in Africa. The development of indigenous phytobeneficial microbial strains that suit local environments may help enhance competitiveness with in situ microorganisms and effectiveness at suppressing local pathogen strains. We isolated bacteria from the rhizosphere of maize growing in southwestern Nigeria and assessed them for growth-promoting characteristics. The best isolates were characterized using 16S rRNA genes and were further evaluated in the greenhouse on maize seedlings. Four isolates (EBS8, IGBR11, EPR2, and ADS14) were outstanding in in vitro assays of antagonistic activity against a local strain of Fusarium verticillioides, phosphate solubilization efficiency, chitinase enzyme activity, and indole-3-acetic acid production. Inoculation of maize seeds with these isolates resulted in >95% maize seed germination and significantly enhanced radicle and plumule length. In the greenhouse, maize seedling height, stem girth, number of leaves, leaf area, shoot mass (dry matter), and nutrient contents were significantly enhanced. The bioprotectant and phytobeneficial effects were strongest and most consistent for isolate EBS8, which was identified as a Bacillus strain by 16S rRNA gene analysis. As a bacterial strain that exhibits multiple growth-promoting characteristics and is adapted to local conditions, EBS8 should be considered for the development of indigenous biological fertilizer treatments.
M
aize was traditionally grown as a subsistence crop on small plots in home gardens in West and Central Africa, but it has recently expanded into a local "cash crop," especially in southwestern Nigeria, where Ͼ30% of cropland is devoted to maize production (1) . However, maize productivity is often low in Nigeria due to a combination of agrobiological (2) , climatic (3, 4) , and technological (5) factors coupled with high postharvest losses (6) . In addition to continued soil nutrient limitation (5) , diseases such as downy mildew, rust, leaf blight, leaf spot, maize streak virus, and root, stalk, collar, and ear rots (7, 8) are among the major factors that limit maize production in southwestern Nigeria. Thus, national and international bodies have raised a global call to promote maize production through the management of biological communities associated with agroecosystems, which is an environmentally friendly and cost-effective strategy (4) . In this regard, the use of plant growth-promoting rhizobacteria (PGPR) can play an important role in developing sustainable systems of crop production (9) . PGPR can play a pivotal role in crop production by means of siderophore production, antagonism to soilborne root pathogens, phosphate solubilization, and dinitrogen fixation (10) . PGPR are also known to alter root morphology and enhance the uptake of essential nutrients by plants (10) .
Despite the potential benefits of using rhizobacteria to enhance crop protection (11) , they remain largely untapped in the effort to improve maize production in Africa. In addition, biocontrol agents isolated outside the region and imported to Africa have performed inconsistently under field conditions (12) . The development of indigenous biocontrol strains that suit local environments may help enhance competitiveness with in situ microorganisms and effectiveness at suppressing local pathogen strains (13) . Similarly, Howell (14) suggested that biocontrol agents should be isolated from the soil locality where they are expected to function in disease control. In addition, too few phytobeneficial indigenous rhizobacterial isolates been identified using molecular methods in Nigeria. Molecular characterization of isolates using 16S rRNA genes is necessary to gain insight into the taxonomy of beneficial rhizobacteria and the properties of related strains prior to field application. This study was therefore undertaken to assess the phytobeneficial effects and biotechnological properties of indigenous bacterial isolates with a view to the improvement of local maize production. Isolates were initially screened in vitro for potential plant growth-promoting characteristics, and then select isolates were tested for their effects on maize seed germination and seedling growth.
MATERIALS AND METHODS
Collection of soil samples and bacterial isolation. Soil was collected from several fields where maize had been grown for 5 to 10 years, cutting across different ecological zones in southwestern Nigeria (Guinea savannah, derived savannah, lowland rainforest, freshwater swampy forest, mangrove forest/coastal vegetation). In each field, rhizosphere soils adhering to maize roots at a depth of 5 to 15 cm were collected in five locations and were mixed together to form a composite soil sample. A serial-dilution-pour plate technique was used to isolate bacteria (15) on nutrient agar (NA; Oxoid Chemicals, Loughborough, United Kingdom). Inoculated petri plates were incubated at 25 Ϯ 2°C for 24 h. Isolates differing in morphological appearance on NA were selected and were streaked onto new plates until pure cultures were obtained. Pure cultures of bacterial isolates were maintained on NA slants and were stored at 4°C.
Prior to measurement of the growth-promoting characteristics of isolates, preliminary identification was carried out using biochemical tests.
We performed Gram staining and tests for catalase, starch hydrolysis, casein hydrolysis, growth in 4% NaCl, gelatin hydrolysis, and sugar fermentation by following standard protocols (16) .
Growth-promoting characteristics of isolates. The following in vitro plant growth-promoting characteristics were measured: pathogen-antagonistic bioassay, phosphate solubilization, chitinase enzyme activity, and indole-3-acetic acid (IAA) production.
An in vitro bioassay (17) evaluated the antagonistic potential of the bacterial isolates against Fusarium verticillioides, which was obtained from the Institute of Agricultural Research and Training (IAR&T) Plant Pathology Unit, Moore Plantation, Ibadan, Nigeria. Nutrient yeast broth agar (NYBA) (8.0 g nutrient broth, 2.0 g yeast extract, 2.0 g K 2 HPO 4 , 2.0 g KH 2 PO 4 , 2.5 g glucose, and 15.0 g agar per liter of water, adjusted to pH 6.7) plates were inoculated with two 5-mm agar plugs of F. verticillioides at opposite sides of each plate. After 24 h of incubation, an agar plug of one bacterial isolate was placed upside down at the center of each plate so that the bacterial culture was in direct contact with the agar plate. Five replicate plates were inoculated with each bacterial isolate and were incubated at 28 Ϯ 2°C for 7 days. Results were scored after 7 days for antagonistpathogen interaction. The diameter of the zone of inhibition of fungal growth around the point of bacterial inoculation was measured in millimeters and was compared to that on plates with no bacteria.
The phosphate solubilization abilities of the isolates were tested as described by Sharma et al. (18) . Five grams of CaHPO 4 was used as the source of phosphate in agar plates that also contained 2.5 g of glucose, 1 g of MgSO 4 ·7H 2 O, and 20 g of agar per liter (pH 6.8). Each isolate was spot-inoculated onto five replicate plates and was incubated at 28 Ϯ 2°C for 48 h. The halo zone (medium clearing) surrounding the colonies was measured, and the phosphate solubilization efficiency (PSE), expressed as a percentage, was calculated as (solubilization diameter ϫ 100)/(growth diameter).
Each isolate was screened for chitinase production according to the method of El-Mehalawy et al. (19) . Colloidal chitin agar (CCA) was prepared by a method modified from that of Lima et al. (20) . The medium contained 1.0 g bacteriological peptone, 0.3 g urea, 1.4 g (NH 4 The potential of each isolate to produce IAA was measured according to the work of Khakipour et al. (22) . Isolates were grown in triplicate in tryptophan nutrient broth (5 g tryptophan per liter of nutrient broth; Oxoid Chemicals) and were incubated with shaking for 48 h at 28 Ϯ 2°C. Visually turbid cultures were centrifuged at 4°C for 10 min at 14,462 ϫ g. Then 2 ml of the supernatant was mixed with 4 ml of Salkowsky reagent (50 ml 35% perchloric acid, 1 ml 0.5 M FeCl 3 solution), and the mixture was kept in the dark. After 20 min, light absorption (540 nm) by this mixture was measured using a spectrophotometer. Light absorption was compared to a standard curve in order to determine IAA production by each isolate in milligrams per liter.
Ribosomal sequencing and phylogeny of isolates. Each bacterium was grown in nutrient agar broth culture at 25 Ϯ 2°C for 24 h and was then centrifuged at 4,722 ϫ g for 5 min. The pellet was washed with phosphatebuffered saline (PBS) twice and was then resuspended in 200 l of PBS for DNA extraction. DNA was extracted by using the ZR Fungal/Bacterial DNA MiniPrep kit (Zymo Research, Irvine, CA, USA) according to the manufacturer's instructions. The 16S rRNA gene was amplified using universal primers for bacteria (23) . PCR was carried out in 25-l volumes containing 1.5 mM MgCl 2 , 0.125 U/l Taq polymerase, 2.5 mM each deoxynucleoside triphosphate (dNTP), 0.25 M forward primer (8f) (5=-AGAGTTTGATCCTGGCTCAG-3=), 0.25 M reverse primer (1392R) (5=-ACGGGCGGTGTGTAC-3=), and ϳ0.1 ng template DNA. PCR was performed under the following conditions: 10 min at 95°C, followed by 30 cycles of 45 s at 95°C, 30 s at 54°C, and 90 s at 72°C, followed by a final extension at 72°C for 5 min. The PCR-amplified samples were loaded onto a 1.5% agarose gel and were run at 220 V for 45 min. Gels were stained with ethidium bromide for 15 min and were visualized with a UV transilluminator.
PCR products were purified using the UltraClean PCR Clean-Up kit (Mo Bio Laboratories) according to the manufacturer's instructions. The quantity of DNA was then determined using a PicoGreen DNA assay (Invitrogen). DNA standards were prepared using Lambda DNA (Promega, Madison, WI). Fluorescence was quantified using a microplate reader (BioTek Instruments, Winooski, VT, USA). DNA was then sequenced at the Plant-Microbe Genomics Facility at Ohio State University. The sequences were taxonomically classified using the Na¿ve Bayesian Classifier implemented by the Ribosomal Database Project (RDP) (24) . Ribosomal sequences were edited using Bioedit, version 7.0.5 (25) . Reference sequences representing nearest neighbors were obtained from the RDP and were included in phylogenetic analysis. Evolutionary distances were computed using the maximum composite likelihood method (26) . A phylogenetic tree was constructed using MEGA 5 software (27) . Evolutionary history was inferred using the neighbor-joining method (28) . The tree topologies were evaluated by bootstrap analysis (29) based on 500 resamplings.
Seed germination bioassay. The maize variety most commonly grown in southwestern Nigeria (SUWAN-1-Y) was used for laboratory and greenhouse experiments. Maize seeds were surface sterilized with 0.5% NaOCl for 2 min, followed by 30 s in 70% ethanol and two rinses in distilled water, followed by air drying (30) . Bacterial inocula were prepared by incubating bacterial cultures for 24 h and were diluted with sterile distilled water to give a concentration of approximately 10 6 cells ml Ϫ1 (10 6 CFU ml Ϫ1 ) adjusted with a hemocytometer. Seeds were inoculated with an isolate by immersion in a suspension of bacteria containing 10 6 CFU ml Ϫ1 for 30 min and were then dried in a laminar flow cabinet for 1 to 2 h. The effect of each bacterial isolate on maize seed germination was then measured using blotter techniques (31) . This experiment was carried out in five replicated petri plates, and the result was compared with that for control seeds treated with water instead of a bacterial isolate. Ten seeds inoculated with each bacterium were placed in 9-cm-diameter petri dishes lined with sterilized moistened filter paper and were incubated for 7 days at 28 Ϯ 2°C. Germinated seeds were counted at day 7. The average radicle and plumule lengths for each petri dish were also recorded for calculation of the vigor index (32) . The vigor index was calculated as (mean of plumule ϩ radicle lengths) ϫ germination rate.
Bioprotectant effect of isolates in the presence of F. verticillioides. An isolate-pathogen interaction study was conducted in sterilized sandyloam soil using the pathogenic fungus F. verticillioides (33, 34) . Topsoil was collected from the Moore Plantation, IAR&T, Ibadan, Nigeria, and was sieved through 2-mm mesh to remove plant roots and debris. The experiment was set up in a greenhouse with plastic pots (15 cm in diameter) containing 2.5 kg of hot-steam-sterilized soil. Treatments were replicated five times in a completely randomized design. A conidial suspension of phytopathogenic F. verticillioides was prepared and was adjusted to 1 ϫ 10 6 spores/ml using a hemocytometer. Four milliliters of F. verticillioides inoculum was mixed with 50 ml sterile water and was used to directly inoculate the soil (35), after which pots were immediately covered with black polyethylene bags for 48 h. To prepare maize seeds, presterilized SUWAN-1-Y seeds were coated with gum arabic (Sigma-Aldrich, Seelze, Germany) as an adhesive and were mixed with each bacterial cell suspension (1 ϫ 10 6 cells/ml) until uniformly coated, while a mixture of maize and water was used as the control. Three inoculated maize seeds were planted per pot at a depth of 2 cm and were immediately covered with soil. Soil was held at 43.5% of water-holding capacity. Watering and weeding were done throughout the experiment. After 21 days, disease symptoms were assessed according to the following indices. Disease inci-dence (DI) was calculated as the percentage of maize seedlings in a pot that showed visible signs of infection (36) . Disease severity (DS) was scored qualitatively based on the observable symptoms in the most diseased plant in each pot, with slight modifications (37, 38) . The scores were as follows: 0, apparently healthy seedling; 1, 1 leaf infected; 2, 2 to 3 leaves infected/ traces of stem rot; 3, all leaves infected/stunted growth/stem rot; and 4, damping off/wilting/seedling death. The disease reduction percentage (DRP) was calculated using the following formula (39): DRP ϭ 100 ϫ [1 Ϫ (DI of treatment/DI of controls)].
Phytobeneficial effects of isolates on maize seedling health and growth. Unsterilized sandy-loam soil was used in a greenhouse experiment similar to that described above to determine the effects of bacterial isolates on maize growth in the presence of naturally occurring pathogens and other soil microbes (35) . Maize seeds (SUWAN-1-Y) were surface sterilized and were inoculated with each bacterial isolate as described above. Three inoculated maize seeds were planted per pot in 2.5 kg unsterilized soil. Control pots were planted with seeds that received no bacterial inoculum. Treatments were replicated five times and were completely randomized. Pots were maintained at 34.5% of soil water-holding capacity. Watering and weeding were done throughout the experimental period. Disease expression (DE) was calculated as the percentage of maize seedlings in each pot showing visible signs of infection. The average maize seedling height (in centimeters), stem girth (in centimeters), number of leaves, leaf area (in square centimeters), and shoot mass (g dry matter) were also determined for each pot. After the experiment, maize seedling shoots were collected, dried at 70°C to a constant weight, and then ground using Wiley ED-5 milling equipment to enable passage through a 2-mm sieve. Nutrient analysis was performed on seedling tissue that was pooled across individuals in each pot at the Analytical Laboratory of the International Institute of Tropical Agriculture, Ibadan, Nigeria, where 2 g of ground dried samples was digested in a hot sulfuric acid solution using black selenium powder as a catalyst (40) . The digested solutions were read colorimetrically in a Technicon AutoAnalyzer II instrument (41) for the simultaneous determination of nitrogen and phosphorus contents. The potassium content was determined by flame photometry (42) .
Statistical analyses. Experimental treatments were compared using SAS software, version 9.1 (SAS Institute, Cary, NC, USA) (43) . Nineteen bacterial isolate treatments were evaluated for in vitro growth-promoting characteristics. Dependent variables in laboratory bioassay experiments were subjected to analysis of variance (ANOVA), followed by post hoc pairwise comparisons using the Student-Newman-Keuls multiple-range test. The four best-performing isolates were then used in the experiments examining effects on maize seed germination and seedling growth in the greenhouse. The effects of isolates on maize were also compared by ANOVA and the Student-Newman-Keuls test.
Nucleotide sequence accession numbers. The sequences determined in this study have been deposited in the NCBI GenBank database under accession numbers KP792804 to KP792815.
RESULTS

Growth-promoting characteristics of isolates.
Nineteen bacterial isolates obtained from rhizosphere soil samples were selected based on their cultural and morphological differences (data not shown). All 19 isolates displayed some antagonistic activity against F. verticillioides on NYBA in vitro ( Table 1 ). The isolates with the greatest antagonistic activity were EBS8 (diameter of zone of inhibition, 10.6 mm), EPR2 (7.5 mm), IGBR11 (7.4 mm), and ADS14 (7.6 mm). Except for EPR3, all isolates showed clear halos of phosphate and chitin solubilization around points of inoculation (Table 1) . EBS8 had the highest phosphate solubilization efficiency (69.5%), followed by ADS14 (62.4%). Similarly, EPR2 had the highest chitinase enzyme activity (69.6%), followed by ADS14 (45.6%). The largest amount of IAA was produced by ADS14 (10.1 mg/liter), followed by IGBR11 (7.2 mg/liter).
Molecular characterization of isolates. Twelve bacterial isolates were selected for 16S ribosomal sequencing based on their growth-promoting characteristics. The RDP Naïve Bayesian Classifier assigned sequences to the following genera: Myroides (iso- lates AT-IKS, EPR4, IPR1, and TDS9), Enterobacter (IGBR11, OSR7), Bacillus (EBS8, ILS13), Lysinibacillus (EPR2), Citrobacter (ADS14), Stenotrophomonas (UNS9), and unclassified Pseudomonadaceae (ABS6). All sequences except ABS6 were classified to genus level with a confidence of Ͼ80%.
The phylogenetic positions of the four isolates with the greatest growth-promoting characteristics (EBS8, IGBR11, EPR2, and ADS14) were further investigated by the construction of a phylogenetic tree using representative sequences obtained from RDP. After construction of the phylogenetic tree, the four isolates were FIG 1 Phylogenetic relationship of EBS8, EPR2, ADS14, and IGBR11, based on 16S rRNA genes and inferred using the neighbor-joining method. Type strains used for comparison are given. Numbers above each node are bootstrap confidence levels (expressed as percentages) generated from 500 bootstrap trees. separated into four distinct clusters based on their genera (Fig. 1) . The bootstrap support of the relationships between EBS8, EPR2, ADS14, and IGBR11 and their nearest neighbors was 94%, 99%, 98%, and 86%, respectively (Fig. 1) .
Maize seed germination. Of the 19 isolates evaluated, four (EBS8, EPR2, IGBR11, and ADS14) exhibited consistent growthpromoting characteristics and were chosen for further evaluation in association with maize. In a seed germination assay, each of these bacterial isolates enhanced maize seed germination ( Table  2 ). These bacteria also significantly enhanced both radicle and plumule length (P, Ͻ0.05, except for the effect of IGBR11 on plumule length), with ADS14 and EBS8 inducing the largest effects. The best vigor index was obtained for seeds inoculated with isolate EBS8 (Table 2) .
Suppression of diseases in maize due to F. verticillioides. Control seedlings exposed to F. verticillioides but not inoculated with any bacteria expressed diseases such as leaf curl, leaf wilting, leaf blight, and stem rot and were often dead at day 21 (Table 3 ). In contrast, isolates EBS8 and IGBR11 showed outstanding antifungal effects and complete reduction of disease symptoms (Table 3) . Isolate EPR2 also significantly reduced disease severity in maize seedlings (29% disease reduction relative to the controls), with seedlings showing traces of only leaf curl. Inoculation with isolate ADS14 resulted in 19% disease reduction, with seedlings showing traces of both leaf curl and stem rot.
Phytobeneficial effects of isolates. In the greenhouse experiment with unsterilized soil, the level of disease expression in control maize seedlings that received no bacterial inoculum was 90% (Fig. 2) . All isolates provided good protection from disease relative to the controls, but only seedlings inoculated with isolate EBS8 or IGBR11 had 0% disease expression, with no evidence of physical disease symptoms. Maize seedlings inoculated with bacterial isolates had significant increases in shoot mass (dry matter), height, stem girth, and number of leaves over those of the control (P ϭ 0.05) ( Table 4) . Isolate EBS8 produced a shoot mass (dry matter) nearly four times that of the control and double that obtained with isolate IGBR11, although IGBR11-inoculated seedlings had significantly higher leaf area (Table 4 ). In addition, isolates EPR2 and ADS14 enhanced maize seedling shoot mass (dry matter) 3-fold over that of the control. All bacterial isolates enhanced nitrogen content in maize seedling shoots (Table 4) ; EBS8 inoculation resulted in the highest N concentration (3.9 ppm), followed by ADS14 (3.5 ppm). EBS8 was also the only isolate that significantly increased both phosphorus and potassium contents in maize seedling shoots (Table 4) .
DISCUSSION
In this study, we have isolated and characterized rhizosphere bacterial strains related to the genera Bacillus (isolate EBS8), Citrobacter (ADS14), Enterobacter (IGBR11), and Lysinibacillus (EPR2) that show great promise both for the control of maize diseases caused by F. verticillioides and for the improvement of maize nutrition. Laditi et al. (44) have shown that indigenous Nigerian soil microbial isolates performed better at enhancing maize shoot mass (dry matter) than imported commercial isolates marketed as bioinoculants, which proved ineffective. Thus, although our isolates need further testing under field conditions, we have confidence in their transferability to the field, because the strains were isolated from the same environment in which they are intended to be used (southwestern Nigeria). A great deal of effort has gone into the identification of effective biocontrol agents with multiple plant growth-promoting traits (10, 45) . We have taken an integrated approach, similar to that of Ahmad et al. (13) , testing isolates for a variety of plant growthpromoting characteristics. This provides insight into the functional differences between isolates and is necessary for careful selection of beneficial indigenous isolates. Some of our isolated rhizobacteria exhibited more than one plant growth-promoting trait, which is expected to be advantageous for seedling growth under multiple types of adverse conditions (10) .
All four of the isolates on which we focused demonstrated antifungal potential in both in vitro and soil-based assays. Remarkably, isolates EBS8 and IGBR11 completely suppressed disease symptoms caused by a native soil community or by inoculated F. verticillioides. The biocontrol activity of these isolates may result from their ability to produce the largest amounts of chitinase, or other undetermined lytic enzymes, among the isolates tested (46, 47) . Their effectiveness may also be related to the fact that they were isolated from the rhizosphere of the host plant that they were intended to protect (14) , and thus, they had previous exposure to indigenous pathogens and competitor rhizosphere bacteria. Interestingly, the high in vitro antifungal activity and high chitinase activity produced by isolates EPR2 and ADS14 was not as indicative of biocontrol activity in soil assays as it was for isolates EBS8 and IGBR11. It is known that tests based on in vitro mycelial growth inhibition and root colonization do not always correlate with biocontrol efficacy under natural conditions (46, 48) . The production of antifungal metabolites is subject to complex regulation by an array of environmental factors, and these metabolites may not be equally expressed under in vitro and natural soil conditions (49, 50) .
Maize inoculated with the four isolates had higher germination rates than the control, a result similar to findings for sorghum (51) and pearl millet (52) . Although suppression of seed pathogens could be involved in this improvement in seed germination, these findings may also be due to the synthesis of hormones such as IAA by the isolates in this study (53) . IAA can trigger the activity of specific enzymes that promote early germination and increased plumule and radicle length (54) , and seed inoculation with IAAproducing rhizobacteria has been shown to enhance early seedling establishment (55) . Particular isolates may also have been involved in the production and metabolism of auxin, which is responsible for cellular elongation (56) , or cytokinin, which stimulates cellular division (57) .
The significant enhancement in maize growth parameters (height, girth, and leaf number) could result from biological activity of the isolates such as antagonizing plant pathogens, synthesizing phytohormones, and increasing the availability and uptake of nutrients (58) . In Nigeria, P deficiency is a serious threat to maize growth (59) . One of the secondary objectives of this study was to evaluate indigenous soil bacteria for their potential in helping to reduce P deficiencies in Nigerian maize fields through inoculants capable of mineral P solubilization. This was found to be a common trait: all the bacterial isolates tested were able to solubilize CaHPO 4 , which indicates that bacterial isolates will likely be useful components in the sustainable production of maize in Nigeria (60) .
In comparison to other isolates, EBS8 exhibited not only a strong bioprotectant effect but also good physiological growthpromoting characteristics on maize seedlings. Bacillus species have been reported previously in the rhizosphere of maize (61) and have been shown to act as bioprotectants and plant growthpromoting bacteria (10) . Isolate EBS8 was effective at enhancing nitrogen content in maize seedlings, as reported previously for Bacillus megaterium on wheat (62) . Apart from nitrogen, maize seedling shoots inoculated with isolate EBS8 had the highest phosphorus contents, whereas maize inoculated with isolate IGBR11 or ADS14 had a phosphorus content even lower than that of the control. This is an indication that isolates IGBR11 and ADS14 lack the ability to solubilize phosphorus in an unsterilized soil. The high levels of phosphate solubilization by isolate EBS8 are similar to the outstanding performance of Bacillus strain BPR7 reported by Kumar et al. (63) .
Our findings confirm that rhizosphere bacteria have the potential to exhibit multiple growth-promoting traits that can directly influence seedling establishment and growth (10, 63) . The rhizosphere of maize grown in Nigeria has proven to be a promising environment in which to search for bacteria that can be developed into indigenous phytobeneficial bacteria of potential use in the management and sustainability of food crops. Further work with these strains is now needed in field trials, under different local environmental conditions, with additional methods of inoculation (such as incorporation into the soil), and with the full participation of farmers. Exploration of indigenous phytobeneficial bacteria may benefit the sustainability of food crops in diverse countries. work. This study was also supported by grants from the U.S. National Science Foundation (DEB-0918240 and DEB-0918878) and the U.S. Department of Energy (DE-SC000433). We also thank Suhana Chattopadhyay and Matthew Gacura for assistance with molecular and bioinformatics methods.
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